Recently, iron nanoparticles have attracted more attention for groundwater remediation due to its potential to reduce subsurface contaminants such as PCBs, chlorinated solvents, and heavy metals. The magnetic properties of iron nanoparticles cause to attach to each other and form bigger colloid particles of iron nanoparticles with more rapid sedimentation rate in aqueous environment. Using the surfactants such as poly acrylic acid (PAA) prevents iron nanoparticles from forming large flocs that may cause sedimentation and so increases transport distance of the nanoparticles. In this study, the transport of iron oxide nanoparticles (Fe 3 O 4 ) stabilized with PAA in a one-dimensional porous media (column) was investigated. The slurries with concentrations of 20,100 and 500 (mg/L) were injected into the bottom of the column under hydraulic gradients of 0.125, 0.375, and 0.625. The results obtained from experiments were compared with the results obtained from numerical solution of advection-dispersion equation based on the classical colloid filtration theory (CFT). The experimental and simulated breakthrough curves showed that CFT is able to predict the transport and fate of iron oxide nanoparticles stabilized with PAA (up to concentration 500 ppm) in a porous media.
Introduction
There are various compositions of iron nanoparticles with wide range of applications in environmental engineering, especially in contaminant removal processes. One of the advantages of using iron nanoparticles for in situ processes is that they can be injected directly into the environment and contrary to millimetric iron particles, so there is no need for underground installation as in the case of permeable reactive barriers (PRBs) that makes it economically affordable [1] . Moreover, the extremely large specific surface area (SSA) of nanoparticles provides a much higher surface reactivity compared to the more widely used millimetric iron [2] [3] [4] .
Nanoscale zerovalent iron (NZVI) has demonstrated high reactivity in remediation of aquifers contaminated by nonaqueous phase liquids, heavy metals, and other hazardous compounds. However, observations in laboratory and field scales disclosed the fact that the application of NZVI in porous media faces critical problems including short travel distances, pore plugging, and significant loss of porosity and permeability especially when used in high concentrations [5, 6] . This is attributed to the strong tendency of NZVI bare particles to aggregation, agglomeration, and consequent rapid settlement or filtration on the solid phase surface [7] . Researches showed that bare iron nanoparticles may travel in porous media only a few centimeters from the injection point under typical groundwater conditions [8, 9] . To overcome this limitation and to improve NZVI transport in porous media, researchers have used electrostatic, steric, and depletion stabilization mechanisms generating stabilized NZVI colloids by stabilizers like polystyrene sulfonate (PSS), carboxymethyl cellulose (CMC), poly acrylic acid (PAA), triblock, xanthan gum, and emulsified iron [10] [11] [12] [13] [14] [15] .
Phenrate et al. [16, 17] examined transport of polyelectrolyte-stabilized NZVI at different particle concentration (0.03, 0.3, 1, 3 and 6 g/L) in saturated sand column.
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They demonstrated that slurry with low concentrations is in agreement with the assumptions of CFT model. In the slurries with higher concentrations ( > 1g/L), they modified CFT model by providing empirical corrections. The empirical corrections are capable of estimating the agglomerate size and deposition during injection of slurry of polyelectrolytestabilized NZVI of high particle concentration in saturated sand [16, 17] . In the CFT model, the removal of suspended particles is described by first-order kinetics, resulting in concentrations of suspended and retained particles that decay exponentially with distance [18, 19] . In addition, other researchers such as Tosco et al. and Hosseini et al. [20, 21] developed another form of nanoparticles transport model that can be considered the pore blocking, clogging, and ripening processes during transport in porous media.
In addition to NZVI, iron oxide nanoparticles (Fe 3 O 4 ) can also be used in remedial processes for environmental engineering purposes. Although iron oxides nanoparticles have less reactivity than NZVI, the use of iron oxides nanoparticles, as powerful adsorbents and more stable to oxidation in groundwater treatment, provides a convenient approach for contaminant remediation. In addition, iron oxide nanoparticles can be easily separated and collected by applying external magnetic fields. Hu et al. [22] have used nanoparticles of iron oxide (Fe 3 O 4 ) in order to remove Cr(VI) from an aqueous media through absorption process. Also, Su and Puls and Yavuz et al. [23, 24] showed that iron oxides nanoparticles can be effective in the removal of arsenic from groundwater through the sorption of arsenite (As(III)) on the magnetite surface. Moreover, iron oxide nanoparticles were shown to be effective sorbents for a number of other heavy metals such as Hg, Ag, Pb, Cd, and Ti [25] . In addition, iron oxides nanoparticles can promote the transformation of carbon tetrachloride [26, 27] . Pan et al. [28] showed that iron oxides nanoparticles stabilized with sodium carboxymethyl cellulose can immobilize phosphorous in soils.
The objective of this study is to investigate the transport of iron oxide nanoparticles (Fe 3 O 4 ) stabilized with poly acrylic acid (PAA) in one-dimensional porous media. Transport tests in columns packed with glass beads were performed by injecting the iron oxide nanoparticles (Fe 3 O 4 ) stabilized with poly acrylic acid dispersed in deionized water with different concentrations ( 0 = 20, 100, and 500 ppm) and injection rates (hydraulic gradients = 0.125, 0.375, and 0.625 which represents 9 Darcian velocity due to the difference in viscosity of slurries). This research aimed to contribute to a better understanding of important parameters in the transport of the nanoparticles in porous media by providing the experimental data in order to evaluate the proposed model for nanoparticles transport. The experimental results were further analyzed by using a numerical one-dimensional model of advection-dispersion transport equation based on the classical colloid filtration theory (CFT).
Methodology
2.1. Materials. All chemicals used in these experiments were laboratory grade. Nano iron oxide (Fe 3 O 4 ) was obtained From Pasteur Institute of Iran with 99.5% purity and average particle size of 44.5 nanometers. For determination of particle size distribution of the nano iron oxide (Fe 3 O 4 ), particle size distribution test has been conducted. The results are shown in Figure 1 (a). The existence of trivalent iron nanoparticles has been investigated using X-ray diffraction (XRD) device with 40 KV energy, 30 mA current, and copper anodes and the results are presented in Figure 1 (b). Poly acrylic acid (PAA, mean M.W. = 1.8 kg/mole) was purchased from Sigma Aldrich Company. Both materials (nano iron oxide (Fe 3 O 4 ) and poly acrylic acid) were in the powder form.
Synthesize a Slurry of Iron Oxide Nanoparticles Stabilized
with PAA. Three slurries of iron oxide nanoparticles, with the concentrations of 20, 100, and 500 mg/L stabilized with poly acrylic acid. The optimum weight ratio of 2 : 1 (1 g nano iron oxide and 2 g poly acrylic acid) was selected based on findings by Saghravani et al. [29] . Preparation process included several steps as follows. The required iron oxide nanoparticles were placed in a flask and then distilled water was added up to one-fifth of the final volume of required slurry solution. The flask was put in an ultrasonic shaker (40 KHz frequency, 50 W power) for 5 periods of 6 minutes shaking and 1 minute rest to obtain a uniform mixture. Having PAA twice the weight of nano Fe 3 O 4 in another flask, the remaining volume of distilled water was added to have the desired concentration and then placed on a shaker, 500 rpm for 1 hour. The solutions were added to each other and placed in the ultrasonic shaker for another 1 hour. The result was a uniform solution of stabilized nano iron oxide with PAA. The solution was kept in the room temperature for another 24 hours and was shaken with an ultrasonic shaker for another half an hour before conducting the experiments. In order to specify the particle size distribution of iron oxide nanoparticles stabilized with PAA, samples were from the solutions of different concentrations. Using the particle size distribution test, the variation of amplitude and the average size of particles were specified. Figure 2 illustrates the particle size distribution in the samples. Zeta potential was measured in order to investigate the stability of the nanoparticles in the fluid. Since absolute value of zeta potential is greater than 30 for all samples (| | ≥ 30), it can be concluded that slurries of iron oxide nanoparticles stabilized with PAA were stable ( Table 1) . By summarizing the data provided in Table 1 and Figure 2 one can conclude that the size of particles would remain in the nano range after addition of PAA.
Porous Media.
The experiments were conducted in a pyrex glass column with internal diameter of 3.5 cm and 40 cm height. The column was filled with glass bead (8-20 mesh, average diameter d50 = 1.8 mm). Two porous glass diffuser plates with 1 cm height were placed on each end of pyrex glass column to provide an even distribution of iron oxide nanoparticles stabilized with PAA in the experiment column. The pore (void) volume was measured at 110 mL then the porosity was calculated to be 0.30. For all tests, the column was prewashed with 2.2 L (20 times of pore volume) of 0.5 normal HCL and then washed through with distilled water until pH = 7 was confirmed in effulent so that we obtained a uniform, homogenous, and saturated porous media.
Transport Experiment.
In these experiments 220 mL (approximately two times of empty pores volume) of iron oxide nano slurries stabilized with PAA (with different concentrations of 20, 100, and 500 ppm) was injected to the porous media by applying hydraulic gradients equal to 0.125, 0.375, and 0.625. The injections of water and slurry of iron oxide nanoparticles were made separately from the bottom of the column to avoid the errors due to trapped air bubbles. Simultaneously, from the beginning of the injection, samples were taken from the effluent at equal time intervals. Concentrations nanoparticles in the samples were measured through spectrophotometery by Jenus UV 1200-Spectrophotometer. The breakthrough curves for the concentration (of nanoparticles ( / 0 ) versus time) for all tests were then plotted ( Figure 3 ). Each experiment was repeated three times and the breakthrough curves were provided based on the average of the concentration of samples.
The Advection-Dispersion Equation with
Respect to Surface Absorption Conditions. The temporal and spatial variations of colloid concentration in a homogenous, granular porous media are described by the advection-dispersion equation:
Here, is the colloid concentration in the aqueous phase at a distance of and time , is the interstitial particle velocity, and is the hydrodynamic dispersion coefficient. In (1), only the physical transport processes of advection and hydrodynamic dispersion are considered. In granular media, colloids are removed from the fluid-phase by physicochemical filtration or attachment to sediment grain surfaces. Physicochemical filtration of microbes has been modeled as either an irreversible (no detachment) or reversible process. In the case of reversible attachment, both equilibrium and kinetic mechanisms have been considered [30] . When an attachment mechanism is used to describe removal of particles from the liquid phase, the general equation for colloid transport and fate in a one-dimensional, homogeneous, granular porous media becomes
where is the retained particle concentration, is the dry bulk density of the porous media, and is the porosity. In the classical colloid filtration theory (CFT), originally presented in 1971 [30] , the attachment of colloids to sediment surfaces is considered irreversible, neglecting the release of particles [31] . Thus the equation based on CFT can be written as
where is the particles sedimentation rate coefficient (or the particle attachment rate coefficient). Considering the effect of the attachment of colloids to sediment surfaces, (2) for colloid transport and fate in a one-dimensional, homogeneous, granular porous media based on the classical colloid filtration theory (CFT) becomes
where the particle attachment rate coefficient is related to 0 and via [18] . Consider
Here, is the average sediment particles size. Due to limitations in the proposed theory for predicting the attachment efficiency ( ), measurement techniques are usually employed instead [18] . The normalized fluid-phase colloid concentration ( / 0 ) at the length = were calculated after the measured values of 0 were obtained. Then the attachment efficiency ( ) can be calculated using (6) . In this work, the theoretical value of the single-collector contact efficiency ( 0 ) was calculated by using a closed-form of the equation and data from Table 2 [18, 30] . Consider
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To have an initial guess about hydrodynamic dispersion coefficient ( ) with regard to the experimental data plotted as a breakthrough curve, the method proposed by Charbeneau was employed [32] . In this method, the time values (on the abscissa) changed to a dimensionless parameter, , and = ( − 1)/ √ 2 and = / . is the interstitial particle velocity, is the length of the column, and is time from the beginning of the experiment. The breakthrough curves (BTC) then were redrawn with on abscissa and normalized fluid-phase colloid concentration at output column experiment ( / 0 ) on the ordinate. Initial approximate values for the hydrodynamic dispersion coefficients ( ) were obtained from (8) (Table 3) . After having initial guess of value of hydrodynamic dispersion coefficient ( ), it was used as the initial value for the numerical solution of the advection-dispersion equation. The simulated and experimentally obtained breakthrough curves were plotted in the same diagram then any further justifications needed to reach to a match were performed. Consider
Here, 0.84 , 0.16 : the values of when the ratios ( / 0 ) are equal to 0.84 and 0.16, respectively
Discretization Method and Numerical Solution of the Advection-Dispersion Equation.
The transport equation for the classical colloid filtration theory (CFT) (4) was nondimensionalized as follows:
0 is the interstitial particle velocity, is the length of the column, is time from the beginning of the experiment, and 0 is fluid-phase colloid concentration. Hence, * 2 * * 2
Laasonen method, which is unconditionally stable, was employed to solve (10) . The Laasonen method uses the second-order central difference approximation for space derivatives and the first-order forward approximation for time derivate. With discretization of derivatives and further simplifications, (10) was converted to (11) which was solved through tridiagonal system of equations by applying appropriate boundary and initial conditions for each experiment. The results of the numerical solutions were drawn accordingly [33] . Consider and the numerical simulations, are in a good agreement which indicates the classical colloid filtration theory (CFT) has the ability of prediction of the transport and fate of iron oxide nanoparticles (Fe 3 O 4 ) stabilized with poly acrylic acid. As seen in Figures 4-6 an increase in the hydraulic gradients of injection of slurry inflow into the experiment column, causes the increase in the ratio of ( / 0 ) in the outflow from the experiment column. The agglomerate size is a result of the balance between van der Waals forces and magnetic attractions between iron oxide nanoparticles, electrostatic repulsive forces from the adsorbed PAA, and the induced fluid shear in the pore spaces. The agglomerates then transport and deposit onto a surface of collector (e.g., a sand grain). The agglomerates with large size yield higher attachment efficiency because the drag force due to the fluid flow (which promotes detachment) is less than the adhesive force which promotes particle attachment when the size of the retained particles/agglomerates increases. Increasing the hydraulic gradients of slurry inflow to the experiment column (increasing injection rates) reduces the possibility of the formation of large agglomerate due to higher shear force applied from the fluid. Hence in a high-speed flow field the size of agglomerates is less than in low-speed flow fields. Increasing injection rates lead to greater drag forces of the fluid therefore causes more absorbed agglomerates remove of surface of collectors, and it can lead to increase of ratio of / 0 at outflow.
Results

Conclusions
In this study, the transport of iron oxide nanoparticles (Fe 3 O 4 ) stabilized with poly acrylic acid in saturated porous media under different hydraulic heads was investigated.
Based on the characterizations of the slurry, breakthrough
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(1) A good prediction of transport and fate of iron oxide nanoparticles (Fe 3 O 4 ), stabilized with poly acrylic acid in a 1D porous media, can be obtained from numerical solution of advection-dispersion equation based on the classical colloid filtration theory (CFT). (2) The particles sedimentation rate coefficient ( ) can be calculated based on the CFT to predict the effluent concentration of the slurry. (3) Increasing hydraulic gradient causes the rate of media absorption to decrease, which in turn makes its transfer to the polluted area more feasible. (4) The capability of Charboneau's method for prediction of hydrodynamic dispersion coefficient ( ) was verified for slurries.
